The topic of the transition of the genome of a free-living bacterial organism to that of an organelle is addressed by considering three cases. Two of these are relatively clear-cut as involving respectively organisms (cyanobacteria) and organelles (plastids). Cyanobacteria are usually free-living but some are involved in symbioses with a range of eukaryotes in which the cyanobacterial partner contributes photosynthesis, nitrogen fixation, or both of these. In several of these symbioses the cyanobacterium is vertically transmitted, and in a few instances, sufficient unsuccessful attempts have been made to culture the cyanobiont independently for the association to be considered obligate for the cyanobacterium. Plastids clearly had a cyanobacterial ancestor but cannot grow independently of the host eukaryote. Plastid genomes have at most 15% of the number of genes encoded by the cyanobacterium with the smallest number of genes; more genes than are retained in the plastid genome have been transferred to the eukaryote nuclear genome, while the rest of the cyanobacterial genes have been lost. Even the most cyanobacteria-like plastids, for example the 'cyanelles' of glaucocystophyte algae, are functionally and genetically very similar to other plastids and give little help in indicating intermediates in the evolution of plastids. The third case considered is the vertically transmitted intracellular bacterial symbionts of insects where the symbiosis is usually obligate for both partners. The number of genes encoded by the genomes of these obligate symbionts is intermediate between that of organelles and that of free-living bacteria, and the genomes of the insect symbionts also show rapid rates of sequence evolution and AT (adenine, thymine) bias. Genetically and functionally, these insect symbionts show considerable similarity to organelles.
INTRODUCTION
This paper addresses some aspects of the transition from free-living bacteria to bacterial-derived organelles. We define a bacterial-derived organelle as an intracellular derivative of a symbiotic bacterium with transfer from the symbiont to the nucleus of one or more genes whose product(s) is (are) targeted back to the organelle. We consider free-living and symbiotic cyanobacteria, which are clearly organisms, even if in some cases of symbiotic cyanobacteria the symbiosis is obligate as far as the cyanobacterium is concerned in that attempts to culture the cyanobiont independently of the hosts have failed. At the other extreme we consider plastids, which are clearly bacterial-derived organelles with much less than half of the genes needed for functioning of the organelle retained in the plastid genome, the remainder having been transferred to the host nucleus. There are no known cases of intermediate stages in the evolution of plastids from a cyanobacterium, and the case of the cyanelles of glaucocystophyte algae, which are frequently mentioned in the context of early stages in the evolution of plastids, is critically discussed.
We also consider the case of intracellular bacteria in insects. These obligate symbionts (e.g. Buchnera) have characteristics that appear to be intermediate between those of bacteria and of bacteria-derived organelles. However, we shall see that the evidence on the lack of transfer of gene(s) from the symbiont to the host nucleus, with targeting of the gene product back to the symbionts, is incomplete. Table 1 . Metabolic inputs by cyanobionts to symbioses with eukaryotes (from Smith & Douglas 1987; Douglas 1994; Rai et al. 2000; Raven 2002a,b) . (Abbreviations: e, extracellular; i, intracellular.) photosynthesis by diazotrophic N supply by host, and location of cyanobionts cyanobiont cyanobiont in hospice cyanobiont in hospice non-photosynthetic marine Porifera unicellular or nonyes, whenever tested yes, in some Porifera and (e, i), echiuroid worms (e) and heterocystous filaments (possibly) ascidians didemnid acidians (e) non-photosynthetic member of heterocystous filaments yes yes Zygomycotina (i; Geosiphon) non-photosynthetic Ascomycotina unicells or heterocystous yes yes without symbiotic green algae (e); filaments non-photosynthetic Basidiomycotina (e) photosynthetic marine and heterocystous filaments or minor contribution? yes, in marine; possible in freshwater diatoms (e; within cell unicells freshwater wall, apparently outside plasmalemma). Ascomycotina with green algal heterocystous filaments minor contribution in all yes photobionts (e), liverworts (Blasia, but cycads and Gunnera Cavicularia; (e), many hornworts where the cyanobionts are (e), few mosses (e), pteridophyte in the dark Azolla (e), cycads (e, i), angiosperm Gunnera (i) Table 2 . Cases of vertical transmission of cyanobionts (from Smith & Douglas 1987; Douglas 1994; Rai et al. 2000; Raven 2002a,b) . host cyanobiont location mechanism of vertical transmission of cyanobiont diatoms enclosed by frustules but not truly with vegetative cell division and (presumably) sexual intracellular reproduction Porifera (some) intracellular in oocytes and nurse cells didemnid acidians extracellular via a 'plant rake' and 'algal pouch' lichens extracellular in soredia (assexual propagules) Azolla extracellular via megasporocarps and megaspores Douglas 1994; Rai et al. 2000; Liaimier 2002; Raven 2002a,b) . Most of the symbiotic cyanobacteria that have been examined in detail are capable of free-living existence. However, this is not essential even if the cyanobionts are not vertically transmitted as they could be transmitted contagiously (see below). The much-investigated Nostoc symbiont of the heterosporous water fern Azolla has not yet been cultured, but is vertically transmitted. Three important aspects of cyanobacterial symbioses with eukaryotes are the metabolic contribution made by the cyanobiont (table 1), the intracellular or extracellular location of the cyanobiont (table 1) and the means by which each new generation of host acquires symbionts (table 2) . Table 1 shows the metabolic contribution of the cyanobionts to the symbioses. All symbioses which lack other photosynthetic components involve photosynthesis by the cyanobiont; the cyanobionts generally convert chemoorganic hosts into photolithotrophic symbioses. When the symbiosis involves hosts that are already photosynthetically competent by means of plastids or, in some ascomycetous lichens, green algae, the cyanobionts contribute N 2 fixation (table 1) .
There is sometimes N 2 fixation associated with cyanob- acteria involved with non-photosynthetic hosts (table 1) . Similarly, N 2 -fixing cyanobacteria associated with photosynthetic hosts can make a (relatively minor) contribution to photosynthesis by the symbioses whenever the cyanobacteria are exposed to light. If an extant cyanobacterial symbiosis is to be in any way analogous to the origin of plastids it must be photosynthetic and intracellular. The data in table 1 show that only sponges (Porifera) and Geosiphon are possibilities. The other criterion is vertical transmission which only coincides with intracellular cyanobionts in the case of sexual reproduction in some marine sponges (table 2) . The relative rarity of vertical transmission among intracellular cyanobacterial symbioses is presumably explicable, granted more information, in terms of the evolutionary considerations described by Douglas (1998a) and Ferriere et al. (2002) .
The data in tables 1 and 2 show that there are examples of vertical transmission of truly intracellular diazotrophic cyanobionts in some marine sponges, and of not truly intracellular cyanobionts in diatoms. There are no known cases of diazotrophic organelles, although the vertical transmission of intracellular diazotrophic cyanobacteria shows that the spatial barrier to vertical transmission of Reith (1995) rhizobia and Frankia diazotrophic symbionts of higher plants (Douglas 1994) is not a universal feature of diazotrophic symbioses. It is still not certain why there are no diazotrophic organelles (see Raven 2002a,b) , especially as it is very possible that the cyanobacterial ancestor of plastids was a diazotroph (Martin et al. 2002) . Two further aspects of free-living and symbiotic cyanobacteria that need consideration before dealing with plastids are the nature of the genome of cyanobacteria, and the nearest extant cyanobacterial relative of the plastid ancestor.
The size and number of genes encoded (where known) in cyanobacterial genomes are shown in table 3. The genome sizes range from only 1.8 megabase pairs (Mbp) to over 9.0 Mbp and the smaller genomes (up to 3.6 Mbp) have between 1686 and 4003 ORFs. There is a clear discontinuity in size, and number of ORFs, between cyanobacteria and plastids listed in table 3, as discussed below.
The nearest extant cyanobacterial relative to the plastid ancestor (assuming a unique primary endosymbiosis event giving rise to all plastids; see below) is still a matter of some controversy, but it appears that plastids arose from near the base of the cyanobacterial clade (Turner et al. 1999) . It is not even certain if the plastid ancestor was a diazotroph (Raven 2002a,b) , although there are good arguments that it contained both phycobilins and chlorophyll b (Tomitani et al. 1999; Ting et al. 2002) .
(b) The origin of plastids Most molecular genetic evidence is consistent with a monophyletic origin of plastids, so that a single symbiotic (Mereschowsky 1905; Martin & Kowallik 1999 ) event involving a cyanobacterium and a mitochondria-containing eukaryote gave rise to all plastids (Stoebe & Kowallik 1999; Tomitani et al. 1999; Turner et al. 1999; Moreira et al. 2000; McFadden 2001; Martin et al. 2002; cf. Lockhart et al. 1992) . On this hypothesis the plastids of rhodophyte, chlorophyte and glaucocystophyte algae are primary plastids derived from this single endosymbiotic event by radiation of the first plastid-containing symbiont, whereas all other plastids are the result of secondary or Phil. Trans. R. Soc. Lond. B (2003) even tertiary endosymbioses (McFadden 2001) of green or red algal unicells and a range of phagotrophs. However, some evidence, based on the nucleotide sequence of the largest subunit of RNA polymerase II, favours divergence of the host (eukaryotic) nucleus of red algae before the origin of green algae (and hence higher plants), fungi and metazoa, and this divergence requires more than one primary endosymbiotic event (Stiller & Hall 1997 , 1998 Stiller et al. 2001) . Plastids other than those of rhodophytes, glaucocystophytes and chlorophytes (and their progeny, the higher plants) arose by multiple secondary endosymbioses (McFadden 1999 (McFadden , 2001 . Although not necessarily conforming to the strictest of definitions of symbiosis, kleptoplastids in sacoglossan molluscs may have lessons for how secondary (and tertiary) endosymbioses occurred. These kleptoplastids, obtained from macroalgal food plants, function for up to eight months in hospice despite their plastid genomes lacking many of the genes needed for the replacement of plastid components (Green et al. 2000; Rumpho et al. 2000; Harten & Pierce 2001; Raven et al. 2001) . For further discussion we shall accept the monophyletic origin of plastids.
(c) The genome size and gene complement of plastids Table 3 gives the genome size and (where available) number of ORFs for several algal plastids. This history is not exhaustive, excluding many well-characterized algal plastid genomes and all higher-plant plastid genomes, but it does contain the largest-known plastid genome (Chlamydomonas moewusii ) and the plastid genomes with the largest number of ORFs. It is clear from table 3 that, on the basis of present knowledge, there is a clear distinction between free-living (and potentially symbiotic in the case of Nostoc) cyanobacteria and plastids in terms of both genome size and number of ORFs. Since the loss of only one gene essential for independent growth from a cyanobiont is sufficient to render it an obligate symbiont, it is clear that plastids have gone well beyond this condition, with not more than 255 ORFs in plastids and not less than 1686 ORFs in free-living cyanobacteria.
The genes retained by the plastids are mainly concerned with the replication, transcription and translation of the plastid genome, and with producing and maintaining the photosynthetic apparatus (Allen & Raven 1996) . However, a significant number of genes relating to both the genetic apparatus of the plastids and to photosynthesis have been transferred to the nuclear genome (Allen & Raven 1996) . Furthermore, a very significant number of genes not related to photosynthesis or to plastid genome functioning has been transferred from the plastid ancestor to the nucleus. Martin et al. (2002) Allen 1993a Allen ,b,c, 1995 Allen , 1996 Allen & Raven 1996; Allen & Nilsson 1997; McFadden 1999; Race et al. 1999; Blanchard & Lynch 2000; Howe et al. 2000; Saccone et al. 2000; Henze & Martin 2001; Rujan & Martin 2001; Selosse et al. 2001; Zerges 2000 Zerges , 2002 Martin et al. 2002) which are fundamental to considerations of why plastid genomes have the genes that they do. The transfer of genes from organelles to the nucleus (with a much smaller transfer of genes from nucleus to organelles) is a continuing process whenever coding changes (e.g. in mammalian mitochondria) have not precluded it (Blanchard & Lynch 2000; Miller et al. 2001 ).
(i) Possible reasons for plastid ancestor gene loss from the symbioses Considering first the reasons for loss of plastid ancestor genes from the symbiosis, several cyanobacterial genes code for products that are not required in the symbiosis or, if required, duplicate genes, already in the host nucleus. Rujan & Martin (2001) and Martin et al. (2002) point out that a significant minority of non-photosynthetic genes in plants were derived from the plastid ancestor, in some cases presumably replacing pre-existing nuclear genes. Even the genes for the peptidoglycan cell wall of the cyanobacterial ancestor are retained in some algae, as is discussed later with respect to 'intermediates' in plastid evolution. As far as is known all of the genes retained from the plastid ancestor whose products function in cellular locations other than the plastid are now in the nucleus.
(ii) Possible reasons for the transfer of plastid ancestor genes to the nucleus As well as the genes from the plastid ancestor which relate to function not performed in plastids, most of the genes relating to processes that occur in the plastid have been transferred to the nucleus. These include many of the genes for thylakoid and stroma processes of photosynthesis as well as such processes as nitrite reduction. Selection pressures that could have favoured such transfer Phil. Trans. R. Soc. Lond. B (2003) include the economics of maintaining several genomes rather than consolidation of all genes into the nucleus, and the removal of genes from the mutagenic environment in the energy-transducing organelles where redox reactions generate free radicals (Allen 1996; Allen & Raven 1996; McFadden 1999 McFadden , 2001 Selosse et al. 2001) .
The economic argument is that maintaining separate genomes with their attendant replications, transcription and translation apparatus is costly in resources. This is especially the case where there are distinct versions of, for example, ribosomes in the plastids and mitochondria and in the cytosol. The extreme case is a single remaining gene encoding a photosynthetically essential protein in the plastid genome; this single gene requires the full molecular genetic apparatus to be functional, just as is the case for 100 photosynthetically essential genes. Because all plastids retain genomes, this argument clearly does not counteract reasons for gene retention in plastids. This is not the case for the mitochondria/hydrogenosomes class of organelles where almost all hydrogenosomes lack a genome (Akhmanova et al. 1998; Hackstein et al. 2001) .
The 'mutagenic environment' argument is explained in detail in Allen & Raven (1996) . Essentially the reasoning is that the active oxygen species generated by redox reactions in the presence of O 2 damage the gene products and the genes, leading to an error catastrophe unless resourceexpensive scavenging and quenching components are produced in greater amounts than in other cell compartments. This argument applies to photosynthetically active plastids, and to mitochondria functional in aerobic environments. To the active oxygen species considered by Allen & Raven (1996) can be added NO, which is much less toxic than hydroxyl radical or singlet oxygen. NO can be produced in eukaryotic photosynthetic organisms when there is an excess of nitrate reduction in the cytosol over nitrate reduction in the plastid, e.g. upon darkening (Mallick et al. 1999 (Mallick et al. , 2000a Galvan et al. 2002) . NO could also be produced in dissimilatory nitrate reduction in the mitochondria of Loxodes in anoxic habitats (Finlay et al. 1983) . The mutagenic free radical hypothesis does not explain the absence of genomes in most hydrogenosomes where no O 2 free radicals are produced.
The final argument used by Allen & Raven (1996) for relocation of plastid (and all organelle) genes to the nucleus is that organelle genes are almost always uniparentally inherited, and, at least as important, have a small effective population size and thus are subject to the operation of Muller's ratchet (see Allen 1996; Allen & Raven 1996 ). Muller's ratchet is the term used to describe the repeated loss of the most-fit genotypes in asexual populations, and applies particularly to small asexual populations of intracellular micro-organisms. Deleterious mutations increase in such genomes which lack the possibility of recombination. Genomic decay in plastids can lead to AT bias (Howe et al. 2000) , although there is also selection for the user of codons involving abundant tRNAs in the case of highly expressed plastid genes such as psbA (Morton 1998 (Morton , 2001 . AT bias can also distort phylogenetic reconstructions of plastid ancestry (Lockhart et al. 1992) . The Muller's ratchet argument is a powerful one, and is not matched by contrary suggestions, e.g. that the absence of recombination prevents the spread of deleterious genes through the population such as could occur for nuclear genes in a sexually producing species. Blanchard & Lynch (2000) critique other population genetic implications of gene transfer to the nucleus.
(iii) Possible reasons for the retention of plastid ancestor genes in the plastids
The arguments for retaining genes in plastids (and other organelles) are that some genes yield protein products that could not readily be imported into the organelle, and that control of transcription of chloroplast (and mitochondrial) genes by the redox state of the organelle is a key regulatory feature which would be much more complex to manage for nuclear genes (see Allen & Raven 1996; Pfannschmidt et al. 2001a,b) .
While the suggestion that some proteins cannot readily be transported into organelles has not been tested for all of the plastid-(or mitochondria-) genome protein-coding genes, it is clear from experimental and natural situations that it does not apply to the hydrophilic 55 kDa large subunit of RUBISCO (see Kanerski & Maliga 1994; Morse et al. 1995; Allen & Raven 1996) .
The argument about redox control of transcription of certain organelle-encoded genes has not been falsified since Allen proposed it (1993a Allen proposed it ( ,b,c, 1995 Pfannschmidt et al. 1999 Pfannschmidt et al. , 2001a Surpin et al. 2002) , and it seems to be a strong argument for retention of the core of genes found in all known plastid (Allen & Raven 1996; Martin et al. 1998; Barbrook et al. 2001 ; references in table 3) and mitochondrial genomes. The list of universally plastidencoded genes in Allen & Raven (1996) has proved to be robust, although the large subunit of RUBISCO is now known to be nuclear-encoded in peridinin-containing dinoflagellates (Morse et al. 1995) . However, it is not obviously applicable to plastid genomes in organisms that lack photosynthetic function, e.g. the achlorophyllous parasitic flowering plant Epifagus, and the apicomplexans such as Toxoplasma and Plasmodium.
There is also a problem with the retention of the nucleomorph genome in cryptophyte and chlororachniophyte algae (McFadden 2001) . These eukaryotic chromosomal structures are the remains of the nucleus of the green (for chlororachniophyte) and red (for cryptophyte) algae which contributed the plastids in the secondary symbiotic event which converted the phagotrophic ancestors of these algae into phototrophs (McFadden 2001) . The nucleomorph chromosomes encode some proteins needed by plastids, but their location makes them almost as remote from transcriptional control by plastid redox state as nuclear genes in cryptomonads and chlororachniophytes (McFadden 2001) .
To end on a positive, albeit non-plastid note, the strongly reducing conditions of life of hydrogenosomecontaining organisms could be construed as arguing for the absence of significant redox potential changes in hydrogenosomes, rationalizing the absence of a genome in all but one of the hydrogenosomes investigated (Akhamanova et al. 1998; Hackstein et al. 2001) .
(e) Intermediate stages in plastid evolution? Many evolutionary biologists seem to be drawn to the search for 'missing links', and the origin and evolution of plastids are no exception. Much attention has focused on Phil. Trans. R. Soc. Lond. B (2003) glaucocystophyte algae and the thecate amoeba Paulinella which, by having plastids (cyanelles or muroplasts) that are not only of similar pigmentation to many cyanobacteria but also have a peptidoglycan cell wall, could be considered as having plastids that are most like the plastid ancestors (Kies 1992; Lö ffelhardt et al. 1997a,b) . We now consider the plastids of glaucocystophytes (Kies 1992; Bhattacharya et al. 1995; Helmchen et al. 1995) and of Paulinella (Kies 1992 ) in this context.
The plesiomorphic characters of cyanelles are the peptidoglycan wall and the carboxysomes (Kies 1992; Van den Hoek et al. 1995; Pfanzagl et al. 1996) . We outline here a possible functional correlation between these two characters which is developed at greater length elsewhere (Raven 2003) . All plastids have the FtsZ-based division mechanism of cell division of cyanobacteria and cyanelles, but it is only the cyanelles that have a peptidoglycan wall like cyanobacteria and other eubacteria (Beech & Gilson 2000) . However, some green algal plastid genomes have FtsI, a homologue of peptidoglycan synthase (Turmel et al. 1999; Lemieux et al. 2000) , and the division of some bryophyte plastids is inhibited by ␤-lactam antibiotics (Kasten & Reski 1997; Clauss et al. 2000) . The peptidoglycan wall of bacteria is related to the development of turgor as a result of the higher osmolarity of the cell contents than of the growth medium (Koch 2001) . Turgor is required for growth of bacterial, including cyanobacterial, cells (Koch 2001) . It is likely that cyanelles are also hyperosmotic to their medium, the cytosol, unlike plastids which have no walls (Nobel 1975; cf. Larkum 1968; Grant & Borowitzka 1984a,b) . The cyanelle-containing glaucocystophytes and Paulinella are all freshwater organisms, and all rely on cytosol volume regulation by active water efflux during at least part of their life cycle (Kies (1992) and references therein (cf. Raven 1982 Raven , 1995 ). The intracellular osmolarity of freshwater cells relying on contractile vacuoles, or analogues that lack the structural characteristics of contractile vacuoles but can also catalyse the active efflux of water, for cytosolic volume regulation is often low (20-40 osmol m Ϫ3 ) possibly for the energetic reasons discussed by Raven (1982 Raven ( , 1984 Raven ( , 1995 . The intracellular osmolarity of freshwater cyanobacteria is 80-200 osmol m Ϫ3 (Walsby 1980 (Walsby , 1986 . The significance of a higher osmolarity in cyanelles than in the cytosol may relate to the functioning of carboxysomes. Carboxysomes in bacteria function in the inorganic carbon concentrating mechanism which increases the carbon dioxide concentration around RUBISCO (Badger et al. 2002) . The carboxysomes in cyanelles presumably have the same function as those in bacteria. They certainly contain RUBISCO as do bacterial carboxysomes . Molecular phylogenetic analysis indicates that the carboxysomes of cyanelles are ␤-carboxysomes whose functioning depends on the accumulation of a high concentration (ca. 10 mol m
Ϫ3
) of inorganic carbon around the carboxysomes (Badger et al. 2002) . Raven (1995) points out that the low osmolarity of freshwater cells whose volume regulation depends on active water efflux might restrict their metabolic activities, including the functioning of inorganic carbon concentrating mechanisms. The ␤-carboxysomal mechanism would be especially compromised in a low osmolarity compartment, and the retention of the peptido-glycan wall by the cyanelles could facilitate functioning of the ␤-carboxysomes.
This possible functional relationship between the retention of the wall and of carboxysomes by cyanelles is consistent with the occurrence of carboxysomes in some marine dinoflagellates which are symbiotic in invertebrates (Blank 1986 (Blank , 1987 Blank & Trench 1988) . Here, the high osmolarity of the seawater means that any inorganic carbon accumulation required for carboxysome functioning in the dinoflagellate plastids could be readily accommodated in dinoflagellate cells with or without cell walls.
Other consequences of the presence of a peptidoglycan layer could include restrictions on the transfer of proteins produced in the cytosol by translation of nuclear-produced mRNA. However, this possibility does not seem to be realized (Schwartzbach et al. 1998; Steiner & Lö ffelhardt 2002) .
The synthesis of a peptidoglycan wall as a means of volume regulation of a hyperosmolar cyanelle involves a onetime energy cost, whereas volume regulation for a wall-less hyperosmolar plastid via active water efflux is a continuing energy cost, with the relative costs of the two mechanisms depending on the growth rate of the cells (Raven 1982 (Raven , 1995 . Any competitive advantage gained by the (possible) higher osmolarity of cyanelles than of cytosol has clearly not been the route to great ecological success for glaucophytes as they are very minor components of the freshwater microflora today, in terms of both species number and species abundance. The genes known from the cyanelle genome of Cyanophora (Stinewalt et al. 1995; Lö ffelhardt et al. 1997a,b) do not give any clues as to osmoregulation or volume regulation of the cyanelles.
To summarize, there is overwhelming evidence that plastids have evolved from cyanobacterial ancestors but the crucial intermediate stages in the evolutionary transition from bacteria to bacterial-derived organelles are apparently unavailable. Perhaps, this evolutionary transition occurs very rarely (see § 4) or such genomes are transient because they are at a selective disadvantage relative to cyanobacteria and plastids. Recent studies on a very different group of associations, however, indicate that certain intracellular bacteria in insects may have the characteristics predicted of genomes at the interface between bacteria and bacterial-derived organelles. The second part of this article compares the characteristics of the genomes of these intracellular micro-organisms and bacterialderived organelles, and the underlying evolutionary processes.
INTRACELLULAR MICRO-ORGANISMS IN INSECTS: GENOMES AT THE INTERFACE BETWEEN ORGANISMS AND ORGANELLES?
(a) Microbial symbioses in insects Insect-microbial symbioses can be classified by the location of the micro-organisms: external to the insect (usually in the insect 'nests'), e.g. fungus-growing termites, leaf-cutting ants; in the insect gut, e.g. termites; and in specialized cells, known as mycetocytes or bacteriocytes. The 'mycetocyte symbioses' have evolved multiple times between various insect groups and a diverse array of micro-organisms. They include the cockroach-flavobacteria and the tsetse fly-Wigglesworthia (a ␥-proteobacPhil. Trans. R. Soc. Lond. B (2003) terium) symbioses, the associations between homopterans (aphids, whitefly, psyllids, planthoppers, etc.) and various bacteria and yeasts, and poorly studied microbial symbioses in sucking lice (Anoplura) and in various xylophagous beetles. Despite their independent evolutionary origins, these mycetocyte symbioses between insects and intracellular micro-organisms have two common characteristics. First, the microbial partner is obligately vertically transmitted, usually by insertion into the unfertilized eggs in the insect ovary. Second, the associations are mutually obligate, such that the micro-organisms cannot be brought into culture and are unknown apart from the insect hosts, and the insect, when experimentally deprived of their micro-organisms, grow slowly and are usually reproductively sterile. These micro-organisms are traditionally known as 'primary symbionts', as distinct from 'secondary symbionts', which are often (but not universally) found in various tissues of the insect hosts and are transmitted vertically with the primary symbionts. Further information about these symbioses can be obtained from the reviews of Buchner (1966) , Baumann et al. (1995) and Douglas (1989 Douglas ( , 1998b .
(b) Microbial symbionts of insects as resident genomes A key characteristic shared by intracellular bacteria in various insects and bacterial-derived organelles is that they are 'resident genomes' sensu Andersson & Kurland (1998) , i.e. they are obligately vertically transmitted from parent to offspring host with no opportunity for horizontal transmission. These resident genomes are, consequently, never exposed to the external environment or unrelated hosts. This has had a profound impact on the genomic evolution of the micro-organisms. In particular, it has promoted reduction in genome size. For example, the genome of Wigglesworthia, the symbiotic bacteria in tsetse flies is less than 0.77 Mbp , and the genome of Buchnera, the symbiotic bacteria in aphids, is 0.45-0.64 Mbp, varying between aphid subfamilies (Shigenobu et al. 2000; Wernegreen et al. 2000; Gil et al. 2002) . These values are intermediate between the genome sizes of related free-living bacteria and those of bacterial-derived organelles. Wigglesworthia and Buchnera are ␥-Proteobacteria, allied to Escherichia coli, field isolates of which have genomes at 4.95 ± 0.25 Mbp (Bergthorsson & Ochman 1998) . The genomes of mitochondria are generally 14-70 kilobase pairs (kbp) (although in plants can be as great as 2.6 Mbp) and plastids are ca. 120-200 kbp (table 3) .
'Resident genomes' have two further characteristics: elevated rates of sequence evolution and AT bias (Andersson & Kurland 1998) . For example, the substitution rates of 16S rRNA gene of Buchnera in aphids and Carsonella in psyllids have been estimated at 0.019-0.054 and 0.025-0.063 substitutions per site per 100 million years (Myr), up to nine times greater than the rates calculated for related enteric bacteria which are not intracellular (0.007-0.018 substitutions per site per 100 Myr) (Moran et al. 1993; Clark et al. 1999; Thao et al. 2000a) . The GC content of the 16S rRNA gene of these three bacteria is 37% for Carsonella, 48% for Buchnera and 54% for E. coli K12 (calculated from GenBank accessions AF211151, NC002528, AE000129); and the average GC content of the Buchnera and E. coli genomes is 26% and 51%, respectively (Blattner et al. 1997; Shigenobu et al. 2000) .
These characteristics of small genome size, high AT content and rapid rates of sequence evolution are widely accepted to have common evolutionary bases: relaxed selection pressure and genomic decay through the accumulation of deleterious mutations (Moran 1996; Andersson & Kurland 1998; . Any microbial traits that are either not required in the intracellular condition or are also present in the host are redundant and under relaxed selection. Even mutations that are slightly deleterious may accumulate by genetic drift because small numbers of micro-organisms are usually transmitted vertically, i.e. the microbial population is bottlenecked at each host generation. This leads to a genome-wide reduction in GC content because of the inherent mutational bias towards AT. The rate of genomic deterioration is elevated where genes for DNA recombination and repair are compromised; and the selection pressure on these genes may be relaxed because one important function, the elimination of invading DNA, may be redundant in the intracellular environment, which is sheltered from viruses, transposons etc. (Lawrence et al. 2001) . The repeated loss of the most-fit genotypes in the resultant small, asexual populations of intracellular microorganisms is referred to as Muller's ratchet (see § 2d(ii)).
The combined impacts of relaxed selection and Muller's ratchet on genomes of intracellular micro-organisms in insects can be illustrated by a non-bacterial example, a clade of ascomycete fungi informally known as yeast-like symbionts which occur in aphids of the tribe Cerataphini and certain planthoppers. In planthoppers, the yeast-like symbionts contribute to the insect nitrogen economy by degrading the insect excretory product, uric acid, via the enzyme uricase (Sasaki et al. 1996) . Aphids, unlike planthoppers, do not produce uric acid, resulting in a predicted relaxation of selection pressure on the yeast-like symbiont uricase genes. Consistent with this expectation, the uricase genes in the yeast-like symbiont of aphids bear multiple mutations incompatible with uricase function (Hongoh & Ishikawa 2000) . These include large deletions of the 5Ј-flanking region including the putative TATA box, frameshift mutations and, in one species examined, nonsense mutations (figure 1).
Sequence data are available for many genes of the ␥-proteobacterium, Buchnera, the primary symbiont of virtually all aphids other than the tribe Cerataphini considered above. Across all the genes examined so far, the incidence of non-synonymous substitutions, K a (i.e. point mutations that result in a change of amino acid), is elevated in Buchnera relative to the allied enteric bacteria E. coli/Salmonella typhimurium. As a consequence the ratio of synonymous/non-synonymous mutations (K s /K a ) is consistently lower for Buchnera than for E. coli/S. typhimurium (figure 2). Compounded by the AT mutational bias, this results in a general difference in amino-acid composition of proteins between Buchnera and E. coli/S. typhimurium, to favour amino acids with codons of high AT content in Buchnera (e.g. asparagine, isoleucine, phenylalanine, tyrosine). Clark et al. (1999) argue that genomic decay arising from Muller's ratchet is a more plausible explanation than relaxed selection for the low K s /K a of Buchnera because the effects are evident across all loci studied, Figure 2 . Ratio of synonymous/non-synonymous substitutions per site (K s /K a ) for protein-coding genes between Buchnera in two aphid species (Schizaphis graminum and Diuraphis noxia) and between the enteric bacteria (Escherichia coli and Salmonella typhimurium) to which Buchnera is closely allied. (Redrawn from data in table 3 of Clark et al. (1999).) including those related to the cooperative trait of aminoacid production (ilv and trp genes) and 'housekeeping' functions (e.g. apt genes and ftsZ ). The high rates of sequence evolution in rRNA genes (see above) can also be attributed to genomic deterioration because many of the substitutions have resulted in mismatches in stems or other paired regions of the RNA secondary structure and replacement of GC pairs by the less stable AU pairs. For 16S rRNA, the overall impact of these changes has been to reduce the energetic stability of the molecule, as indicated by the consistently less negative free energy (Ϫ⌬G) for intracellular bacteria than E. coli (table 4) (Lambert & Moran 1998; Spaulding & Von Dohlen 2001) .
(c) Selection for function Although genomic decay is apparently general across genomes of intracellular symbionts, gene deletion is not random because of strong selection pressure for certain traits. Chief among these are cooperative traits, i.e. traits of selective advantage to the insect. If an insect benefits from a trait of its symbiotic bacteria, then a loss-of-function mutation contributing to that trait will depress the fitness of both the insect and, because they are obligately vertically transmitted, the symbiotic micro-organisms.
The key cooperative trait of bacteria in phloem-feeding insects (aphid, whitefly, psyllids, etc.) is the provision of essential amino acids, supplementing the poor supply of these nutrients in the diet (Douglas 1998b) . Indicative of the predicted selection for this function, the gene inventory for the completely sequenced genome of Buchnera in the pea aphid Acyrthosiphon pisum includes 53 genes in essential amino-acid synthesis (Buchnera lacks orthologues for just three of the genes in this category present in the E. coli genome) but just 20-50% of the genes that, in E. coli, contribute to other biosynthetic functions, intermediate metabolism, DNA repair, etc. (Shigenobu et al. 2000) . Blood-feeding insects (e.g. sucking lice, tsetse flies) are widely believed to derive B vitamins from their symbiotic bacteria (Buchner 1966) . Although the genome of none of these bacteria has been sequenced, an estimated 85% of the ORFs of Wigglesworthia, the symbiont of tsetse flies, have been identified by array hybridization and, as predicted, this bacterium bears genes coding for key enzymes in B vitamin synthesis, e.g. ribH in riboflavin synthesis, folA,C,D,K in the synthesis of folate and dihydrofolate .
In bacteria-derived organelles, selection for cooperative traits (oxygenic photosynthesis, aerobic respiration) is not equivalent to selection for retention of functional genes in the organelle genome because most of the genes coding for these traits are now borne in the nuclear genome. The translocation of DNA between genomes in eukaryotic cells occurs relatively readily and, once a functional copy of the gene is located in the nucleus, selection on its retention in an organelle subject to genomic decay is substantially relaxed. The net transfer to the nucleus of a gene whose Phil. Trans. R. Soc. Lond. B (2003) product is targeted back to the organelle has been adopted as a defining feature (see § 1) of an organelle (Douglas 1994 ) and can be considered to both promote and compensate for genomic decay of the organelle.
Gene transfer to the nucleus and its impacts on genomic evolution of the bacteria/organelles is unlikely to be relevant to intracellular bacteria in insects because these bacteria are restricted to one specialized cell type, the mycetocyte, which does not give rise to germ cells. The most likely insect nucleus to receive bacterial DNA is the nucleus of the mycetocyte, which will die with the insect individual in which the DNA transfer occurred. This reasoning has been used as a general argument against the evolutionary origin of organelles in multicellular organisms with division between the germ line and soma (Douglas 1992; Kurland 2000) . However, the possibility of bacterial-derived DNA, potentially including functional genes, in the insect nucleus cannot be ruled out because the vertically transmitted bacteria are localized to the cytoplasm of the unfertilized egg, in some insect groups for extended periods, providing an opportunity for DNA transfer from bacteria to germ line (Buchner 1966; Douglas 1989) . To summarize, the implication of the localization of the bacteria to one differentiated cell type is that the bacterial genome is the prime focus of selection for function, although the incidence and extent of DNA transfer in these systems can only be resolved by extended sequence analysis of the insect genomes.
Symbiosis in multicellular hosts, such as insects, does however, offer an alternative route by which function can become independent of the retention of functional gene(s) in micro-organisms subject to Muller's ratchet. This arises from the presence of secondary symbionts in many insects (see above). The incidence of these vertically transmitted micro-organisms is variable. For example, all species of tsetse fly have the ␥-proteobacterium Sodalis, although the abundance and tissue distribution varies with insect species ; different species of psyllids bear different taxa of secondary symbionts (Thao et al. 2000b) , and some apparently have no secondary symbionts at all (Spaulding & Von Dohlen 2001) ; and five taxa of secondary symbionts have been identified in aphids, although the number and identity of taxa in aphids varies between and within species (e.g. Sandströ m et al. 2001) . The limited information available indicates that the genomes of secondary symbionts are intermediate between free-living taxa and primary symbionts. For example, the genome size of Sodalis in tsetse flies, at 2 Mbp, lies between that of E. coli (more than 4 Mbp) and the tsetse primary symbiont, Wigglesworthia (less than 0.8 Mbp) , and the16S rRNA molecule of a secondary sym-biont in psyllid has a higher calculated stability (Ϫ1881 kJ mole Ϫ1 ) than the primary symbiont Carsonella (Ϫ1501 to Ϫ1463 kJ mole Ϫ1 ) (Spaulding & Von Dohlen 2001) . These data are consistent with the interpretation of various phylogenetic studies indicating that secondary symbionts have been acquired more recently than primary symbionts (e.g. Thao et al. 2000b; Darby et al. 2001; Sandström et al. 2001) . The significance of secondary symbionts to the insect host is currently uncertain, but one possibility is that they act as 'helper' bacteria that supplement the cooperative traits of primary symbionts or support the metabolism of the primary symbionts (e.g. Gil et al. 2002) . Such helper functions would reduce the selection on primary symbiont function. In other words, they may both enhance and compensate for the genomic deterioration of primary symbionts. We cannot exclude the possibility that the Buchnera in the ancestor of aphids of the tribe Cerataphini may have suffered total genomic meltdown through Muller's ratchet and been replaced by yeast-like symbionts.
Compensation for impaired function of symbionts by other members of the microbial community is more likely to occur in multicellular hosts than unicellular hosts, simply because the different taxa can be localized to different cells, and so coexist in the host. The competitive exclusion of symbiotic micro-organisms in unicellular hosts has been demonstrated by the studies of Gö rtz (1982) on Paramecium sp. This protist can bear stable populations of bacteria, algae or yeasts, but multiple infections do not persist because of a rigid competitive hierarchy with the algae and bacteria excluded by the yeasts, and bacteria also excluded by the algae. If the findings of Gö rtz (1982) are general, they could account for the sequential (not simultaneous) acquisition of bacteria and cyanobacteria and their transformation into mitochondria and plastids, respectively, as envisaged in the serial endosymbiosis theory of Margulis (1981) .
These considerations indicate that the evolutionary fate of obligately vertically transmitted microbial symbionts may be strongly influenced by whether they are acquired by unicellular or multicellular hosts. Genomic deterioration in these symbionts is likely to be compensated for and promoted by net gene transfer to the nucleus of unicellular hosts (or hosts without separation of somatic cells from gametes), and by the transfer of function to secondary symbionts in multicellular hosts. However, we lack critical data on both secondary symbiont function and the incidence of microbial sequences in insect genomes, and therefore this distinction between unicellular and multicellular hosts should be seen as likelihood and not two mutually exclusive categories.
(d ) Functions beyond the genome of organelles and symbionts The functions of bacterial-derived organelles extend beyond the traits present in their bacterial ancestor and absent from their host. These organelles have acquired in situ additional functions as integrated parts of the eukaryotic cell, in both primary metabolism and signalling; for example, mitochondria are the site of fatty-acid oxidation, act as a Ca 2ϩ store and are implicated in apoptosis (Berridge et al. 1998; Joza et al. 2001) . Understanding of these functions is assisted by treating the organelles as Phil. Trans. R. Soc. Lond. B (2003) membrane-bound compartments within the eukaryotic cell to which specific functions have been allocated, and not by referring to their ancestry as foreign organisms. These functions may have evolved as the control of the bacterial-derived organelles over their own metabolic pools and signalling networks declined, as a consequence of genomic deterioration. In other words, the supplementary functions of bacterial-derived organelles are the price they have paid for being rescued from genomic meltdown (i.e. total functional collapse) by the nucleocytoplasm.
To what extent does the insect nucleocytoplasm control the metabolic pools of their intracellular bacteria; and do these bacteria have generalized cellular functions independent of their roles in the synthesis of essential amino acids, vitamins, etc.? The genomic data indicate that Buchnera has very limited control over its own metabolism. In the Buchnera from the pea aphid, Acyrthosiphon pisum, all signalling systems, including two-component regulatory systems and quorum sensing are absent; transporter systems are restricted to a few ATP binding cassette transporters, and phosphotransferase systems for uptake of glucose and mannitol; and transcriptional controls over gene expression are apparently universally missing. Furthermore, Buchnera has no capacity for phospholipid synthesis, indicating that the bacteria derive either their total phospholipid requirement or phospholipid biosynthetic enzymes from the insect cytoplasm (Shigenobu et al. 2000) . Such extensive loss of metabolic independence from the surrounding insect cell raises the possibility that these bacteria are integrated into insect cell function as a membrane-bound compartment. If such function(s) exist, however, then they are not general to all insect cells because the bacteria are restricted to mycetocytes. Furthermore, the affected organ systems would vary between insect taxa because the mycetocytes are, for example, borne in the fat body of cockroaches, haemocoele of aphids and the midgut epithelium of tsetse flies (Douglas 1989) . In other words, the mycetocyte/bacteria complex may contribute to general fat body function in cockroaches, to the regulation of haemolymph composition in aphids, and to midgut function in tsetse flies. To our knowledge, such supplementary functions have not been investigated for any symbiosis, beyond the demonstration of Liadouze et al. (1995) that Buchnera contribute to the regulation of the haemolymph amino-acid composition of aphids.
In summary, the localization of intracellular bacteria to a single, differentiated cell type has restricted the opportunity for evolution of key traits of organelles, gene transfer to the nucleus and acquisition of supplementary functions as a membrane-bound subcellular compartment. Only further research will establish whether either or both of these traits have evolved in insect symbioses. If they have, then perhaps some of these systems may have crossed the evolutionary interface from bacterial symbionts to bacterial-derived organelles.
CONCLUSIONS
The single endosymbiotic event, which gave rise to all extant plastids, took place some two billion years ago. Could it be that this event (and the corresponding, rather earlier, unique event, which gave rise to all extant mito-chondria and hydrogenosomes) was so unlikely that it only happened once? Because of the diversity of extant photosynthetic symbioses of cyanobacteria and non-photosynthetic eukaryotes it is unlikely that the initial stage of the symbiosis that gave rise to plastids was a unique event. It is likely that several associations would have been established between cyanobacteria and early mitochondriacontaining non-photosynthetic eukaryotes. The progeny of any such symbioses no longer exist as resident genomes, with only the monophyletic plastids as resident genomes permitting photosynthesis in eukaryotes.
The absence of resident genomes permitting photosynthesis other than the plastids could be rationalized in at least two ways. One possible explanation is that several evolutionary lines of plastids became established about two billion years ago, and that all but one of them became extinct as a result of a global genetic bottleneck. Such a genetic bottleneck could have arisen in global glaciations in the Proterozoic aeon (Hoffman et al. 1998; Kirschvink et al. 2000) , although the extent and biological impact of these glaciations is still a matter of debate (McKay 2000; Baum & Crowley 2001; James et al. 2001) . The other possibility is that only the lineage of symbiotic cyanobacteria containing all extant plastids achieved the status of organelles, i.e. obligate symbionts with transfer of most of the genes needed for photosynthesis transferred to the host nucleus. The possible advantages of such a transfer include damage to the genome of photosynthetic organelles or proto-organelles owing to production of mutagenic active oxygen species in photosynthetic energy transformations. The genes remaining in the plastid genome include many whose expression is subject to transcriptional control by the plastid redox status. It could be that the first photosynthetic proto-organelle to reach organelle (plastid) status conferred such competitive advantage on the photosynthetic eukaryote with such organelles that any photosynthetic eukaryotes with photosynthetic proto-organelles became extinct. Such an argument could help to explain the absence of photosynthetic proto-organelles today in the lineage containing all extant plastids.
The occurrence of multiple, independently originating, endosymbiotic bacteria at the proto-organelle grade of evolution in phloem-feeding insects could be related to the problems of achieving organelle status for endosymbionts confined to a single, differentiated cell type in a multicellular organism. Generali, University of Milan, Milan, Italy) . Is there significant heteroplasmy in the Buchnera population? Are there significant variants within a single organism in the genome?
Discussion

D. Horner (Dipartimento di Fisiologia e Biochimica
A. E. Douglas. In our experience the answer is 'no'. Our population is very uniform, just what you would expect for a very small effective population size. D. Horner. I wanted just to make a comment about the first part of the talk but I am not completely sure that citing hydrogenosome genome loss as being consistent with some of the models of retention and loss of organelle genomes is a particularly good argument because I am not aware of any published cases where any of the core mitochondrial genes have been described in hydrogenosomecontaining organisms. So, it is not a case of the pressure to keep them on the genome having changed and them having moved to the nucleus. However, we do not have the complete genomes yet. J. A. Raven. Absolutely. I was perhaps trying to make the general case rather than be specific for any gene, which really means that my case fails if I cannot specify a gene that is or is not regulated by the redox state of the hydrogenosome.
T. Cavalier-Smith (Department of Zoology, University of Oxford, Oxford, UK ). I am sceptical of the frequent invocation of Muller's ratchet in relation to organelles, especially mitochondria and chloroplasts, but also, I think, these insect symbionts. The fundamental force in Muller's ratchet is random drift, which depends on small populations, but I do not think the small populations within the cell or within the organism are really relevant. With an alga or a free-living protozoan the populations are in billions of billions so random drift is not going to be a very important factor in the spread of less adaptive combinations. Therefore, I do not think that this is the primary consideration in these cases. I think that the same would apply to most insect populations. There are a lot of aphids around.
A. E. Douglas (Department of Biology, University of York, York, UK ). Yes, but the effective population size for the microbial partner is the number of bacterial cells that are transmitted to each of the subsequent generations.
T. Cavalier-Smith. It depends what you mean by 'effective'. If in one lineage you do lose the most highly adaptive combination, another aphid somewhere else, maybe in the same field, would have it. If the first one is less efficient in some respect, selection could act between them and so it would not spread through the whole population. Therefore, I do not think it is fundamentally different from mutation.
A. E. Douglas. We would expect Muller's ratchet to be countered by selection at the level of the intact symbiosis. Yes, I would agree with that.
W. Martin (Institute of Botany III, Heinrich-Heine Universität, Düsseldorf, Düsseldorf, Germany) . Two very brief comments and a question. First, I would like to disagree with David Horner concerning the hydrogenosome argument as not being consistent with John Allen's model for the retention of genomes, because, if you recall, there are two kinds of anaerobic mitochondria: those that have genomes and those that do not. We will hear more about anaerobic mitochondria from Louis Tielens. The mitochondria that have retained membrane-associated electron transport have retained the genome, and those that have lost membrane-associated electron transport have lost it, so keep that in mind.
W. Martin. The second comment is a little longer. You mentioned the Von Dohlen group, which found evidence, published last year in Nature, for gamma proteobacterial symbionts within beta proteobacterial hosts in the mealy bug association. I find that to be particularly important because when we think about the origins of mitochondria there is a century-old notion that the host that acquired the mitochondrion had to be a eukaryote because of the mechanism for entry. What Von Dohlen's finding shows is that the host did not necessarily have to be a eukaryote because it gives us an example of a eubacterial symbiont within a prokaryotic host. My question is, then, do we know of other examples where prokaryotic endosymbionts live within prokaryotic hosts?
